Phosphorous based gas source molecular beam epitaxy for the production application of growing millimeter wave Gunn diode structures on sulfur doped indium phosphide substrates for automotive forward looking radar applications is described. Procedures for obtaining silicon doping control in the 10 15 range are outlined. Hall mobility and low temperature photoluminescence results comparable to the best results obtained using metal-organic molecular beam epitaxy and metal-organic chemical vapor deposition are reported. Process control and repeatability are discussed. 77 GHz Gunn diode radio-frequency performance results are reported.
I. INTRODUCTION
The excellent thickness, doping uniformity, and superior dimension control make molecular beam epitaxy ͑MBE͒ an ideal method for growing heterostructure devices. MBE using solid sources has been widely used as a mass production technology for photonic and high-speed electronic devices. 1, 2 All these devices are made of GaAs-based material systems such as AlGaAs/GaAs and strained InGaAs/GaAs. Recently, gas source molecular beam epitaxy ͑GSMBE͒ has been used as a production technology to produce GaAs metal-semiconductor field-effect transistors for microwave applications. 3 In this article, we report on the use of GSMBE as a production method to produce phosphorus-based device structures. Indium phosphide Gunn diode profiles for use at millimeter wave frequencies in automotive forward looking radar ͑AFLR͒ transmitter applications have been grown.
The epitaxial structure required is a highly doped n-type buffer layer grown on a sulfur doped InP substrate wafer followed by a mid 10
15
, n-type, active layer. The n-type dopant is silicon, and the total epitaxial thickness is 3.2 m. The key requirements for growth of high performance InP Gunn diodes are controlled n-type intentional doping ͑in the 10 15 cm Ϫ3 region͒ and high electron mobility at these low doping levels.
II. EXPERIMENTS

A. Gas source MBE system
A Varian GEN II system was used for this study. An EPI injector/cracker was added for phosphine cracking, but all other sources are standard solid sources. A simplified block diagram is shown in Fig. 1 , showing the essential features of the gas handling system. The pumping system consists of two 8-in. cryopumps and a standard 400 l/s ion pump on the growth chamber, a three stage Danielson molecular dragdiaphragm pump on the gas manifold, and a 60 l/s ion pump on the load lock. The system is equipped with a Stanford Research Systems 200 amu mass spectrometer/residual gas analyzer ͑RGA͒ installed with a direct line of sight to the phosphine injector. Flux measurement is accomplished using a standard ultrahigh vacuum ͑UHV͒ nude ion gauge.
For safety reasons, the system is equipped with two phosphine detectors, the first located in the exhausted shroud which surrounds the injector/cracker and process piping, and the second located in the main exhaust duct above the gas cabinet ͑Fig. 1͒. The exhaust for the oil free roughing pump used for regeneration of the cryopump is also piped into the gas cabinet, where it can be monitored for residual phosphine. In addition, the gas cylinder is equipped with a flowlimiting orifice ͑4 mil diameter͒ so that even in the worst of circumstances, there would be a controlled release of phosphine which could be handled and diluted to safe levels by the exhaust system. The exhaust system itself is connected to the buildings emergency power system in the event of a power failure.
After all components of the gas handling system were installed, the system was loaded with solid sources and baked. All gas lines were wrapped in heating tape and baked at 125°C for 72 h while being pumped with the molecular drag pump ͑whose base pressure is approximately 2ϫ10 Ϫ8 ͒. Next, purified hydrogen was allowed to flow through the gas manifold tubing and the mass flow controller into the heated lines, which were being pumped by the molecular drag pump, at 10 sccm for an additional 72 h. The hydrogen was then shut off, and the lines were evacuated and cooled to room temperature.
B. Growth and characterization
First, a safe cracker temperature range had to be determined to minimize uncracked phosphine injecting into the growth chamber. Phosphine is highly toxic; if allowed to accumulate on the cryoshrouds, it would pose a significant health hazard during cryogenic pump regeneration and sysa͒ Electronic mail: jfranklin@filss.com tem maintenance. At cracker temperatures as low as 800°C, with flow rates as high as 40 sccm, no phosphine signal was observed with the RGA.
Second, the phosphorous dimer to tetramer ratio (P 2 /P 4 ) was maximized to obtain the most efficient growth chemistry. To maximize P 2 /P 4 , the injector's cracking zone was first set to 1000°C, which was expected to be above the optimum cracker temperature. The injector's cracking zone was adjusted downward in temperature until the P 2 /P 4 ratio declined. The P 2 /P 4 ratio was measured for several cracking zone temperatures across an order of magnitude of incident flux ͑which correspond to phosphine flow rates from 40 to 4 sccm͒, as shown in Fig. 2 . The optimal cracking temperature of the phosphine injector was found near 925°C.
Third, growth conditions had to be determined to minimize background doping concentrations while still allowing for both a reasonable InP growth rate and state operating conditions. Before background doping optimization could begin, the phosphine purifier ͑Millipore, Waferpure™ Mini XL Gas Purification System for Hydride Gases͒ had to be conditioned by flowing phosphine through it per the manufacturers specification. The phosphine used was supplied by Scott Specialty Gasses, and was very large scale integrated ͑VLSI͒ grade ͑99.999% pure͒. For an incident ͑phosphine͒ flux of 6ϫ10 Ϫ6 Torr, equivalent to a flow rate of 5 sccm, a cracker temperature of 925°C was chosen to maximize P 2 /P 4 while at the same time minimizing any impurities generated in the hot cracker zone. During growth, the ion pump was isolated and the cryopumps were used one at a time, so that one pump could be regenerated while the other was used for growth. Figure 3 shows the dependence of background doping on the V/III flux ratio and the substrate. At a fixed substrate temperature of 400°C, the background doping level increases with increasing V/III ratio. By fixing the V/III ratio at 8.5, the background doping level decreases to ϳ5 ϫ10 14 cm Ϫ3 as the substrate temperature increased to 550°C. These trends are similar to those of samples prepared by metalorganic MBE.
4,5
C. Growth procedures
2-in. diameter epiready InP:S substrates are used for the growth of Gunn diode structures. Oxide desorption is done at a substrate temperature ͑the manipulator thermocouple temperature͒ of 450°C, and growth at 410°C. The growth rate used is 2.6 Å/s and the P 2 /P 4 ratio is maintained at about 20. Before each growth run, the phosphine is allowed to purge the gas manifold at a flow rate of 5 sccm for 10 min.
Calculation of the hydrogen capacity of the cryopumps show that each pump can contain hydrogen from 11 h of growth at a 5 sccm phosphine flow rate. Each pump is used for two Gunn diode growths which lasts a total of approximately 8 h total, giving an adequate safety margin. After growth is completed, the phosphine cylinder is valved off, the purifier is bypassed, and phosphine is evacuated. Then the ion pump valve is opened and the cryopump used for the growth͑s͒ is valved off and regenerated, if required. Purified hydrogen is introduced into the gas manifold at about 10 sccm, the process tubing is heated, and the molecular drag pump is connected to the gas manifold. The system remains in this state until the next growth.
III. RESULTS AND DISCUSSION
A. Material quality Figure 4 shows Hall effect measurement data taken at both 300 and 77 K from Si doped InP layers. The measured data are plotted along with theoretical curves with zero compensation ratio. 6 These results are comparable to or better than reported results from vapor phase epitaxy ͑VPE͒ and metal-organic chemical vapor device ͑MOCVD͒ films. 7, 8 The reproducibility of Si doping control in GSMBE grown InP is also studied. Figure 5͑a͒ shows the intentional n-type Si doping in the 77 GHz Gunn diode active region for all device wafers of this type grown so far. Figure 5͑b͒ shows defect density for the same group of wafers ͑3.2 m of growth͒. Defect densities are measured on a sample basis ͑20 locations across each wafer͒, using a phase contrast microscope. The average defect density ͑larger than 5 m͒ over 50 growth runs is less than 125 per cm 2 . All film surfaces are mirror like and free of any texturing. Figure 6 shows the 6 K photoluminescence spectrum of an undoped sample. The full width at half maximum of the band-to-band transition peak is 2.4 meV, which suggests low background doping, and the intensity of the donor-to-acceptor transition peak is very low, also indicating low background doping. 
B. Gunn diode performance
The Gunn diodes are fabricated with integral plated gold heatsinks for low thermal impedance operation. 6, 10 Diode mesas are defined by both reactive ion etching and conventional wet chemical etching. Diode chips are thermalcompression bonded ͑for minimum thermal impedance͒ into conventional metal-ceramic microwave diode packages, cathode side down. Conventional ribbon bonds form the anode contact to the top of the ceramic ring. The completed diode is hermetically sealed for reliability. Figure 7͑a͒ shows typical diode power efficiency and frequency as a function of applied direct-current ͑dc͒ voltage in an oscillator cavity with an external temperature of 25°C. Note that frequency pushing is approximately 250 MHz per volt in an oscillator cavity whose tuning is otherwise fixed. Figure 7͑b͒ shows diode power and frequency drift as a function of oscillator cavity external temperature at an operating voltage of 10 V. The typical device thermal impedance is 45°C per Watt. The mean time to failure is 10 6 h ͑operating͒ at a junction temperature of 140°C. With dc to radiofrequency ͑rf͒ conversion efficiencies between 3.5% and 4%, these InP diodes have roughly twice the efficiency of conventional GaAs Gunn diodes, and operate at a lower junction temperature, which enhances their reliability. A proprietary current limiting cathode metal contact allows them to operate at a lower current density than their GaAs counterparts, which also enhances their reliability.
Finally, in Fig. 8 we show the histograms of the output power and oscillation frequency of several recent diode production lots totaling approximately 5000 diodes. The average output power centered at 76.9 mW with a standard deviation FIG. 7 . ͑a͒ rf power, dc to rf conversion efficiency, and operating frequency vs dc bias voltage for InP Gunn diodes for AFLR application. ͑b͒ rf power and operating frequency vs oscillator cavity external temperature for InP Gunn diodes for AFLR application.
FIG. 8. ͑a͒
Output power distribution ͑in a fixed-tuned circuit͒ for InP Gunn diodes for AFLR application. ͑b͒ Operating frequency distribution ͑in a fixed-tuned circuit͒ for InP Gunn diodes for AFLR application.
of less than 11 mW. The distribution of the oscillation frequency also shows a Gaussian distribution with a center frequency of 76.85 GHz. The standard deviation is about 1.1 GHz.
IV. SUMMARY
Gas source molecular beam epitaxy is shown to be a reliable and reproducible tool for the growth of low n-type intentionally doped (10 15 cm Ϫ3 ) epitaxial InP films for use in the production of 77 GHz Gunn diodes for automotive forward looking radar applications. Low defect density and highly uniform layers are routinely grown. The average output power and oscillation frequency of over 5000 fabricated Gunn diodes are centered around 80 mW and 77 GHz, respectively.
